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This report demonstrates the applicability of a combination of matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) mass spectrometry (MS) and chemometrics for rapid and reliable identification
of vegetative cells of the causative agent of anthrax, Bacillus anthracis. Bacillus cultures were prepared under
standardized conditions and inactivated according to a recently developed MS-compatible inactivation proto-
col for highly pathogenic microorganisms. MALDI-TOF MS was then employed to collect spectra from the
microbial samples and to build up a database of bacterial reference spectra. This database comprised mass
peak profiles of 374 strains from Bacillus and related genera, among them 102 strains of B. anthracis and 121
strains of B. cereus. The information contained in the database was investigated by means of visual inspection
of gel view representations, univariate ¢ tests for biomarker identification, unsupervised hierarchical cluster-
ing, and artificial neural networks (ANNs). Analysis of gel views and independent 7 tests suggested B. anthracis-
and B. cereus group-specific signals. For example, mass spectra of B. anthracis exhibited discriminating
biomarkers at 4,606, 5,413, and 6,679 Da. A systematic search in proteomic databases allowed tentative
assignment of some of the biomarkers to ribosomal protein or small acid-soluble proteins. Multivariate pattern
analysis by unsupervised hierarchical cluster analysis further revealed a subproteome-based taxonomy of the
genus Bacillus. Superior classification accuracy was achieved when supervised ANNs were employed. For the
identification of B. anthracis, independent validation of optimized ANN models yielded a diagnostic sensitivity

of 100% and a specificity of 100%.

Members of the genus Bacillus are rod-shaped bacteria that
exhibit catalase activity and can be characterized as endospore-
forming obligate or facultative aerobes. The genus Bacillus
contains two important groups of bacteria named after B. sub-
tilis and B. cereus. The best-characterized member of the
former group is B. subtilis, a renowned model organism for
genetic research. Other group members, like B. pumilis, B.
licheniformis, B. atrophaeus, and B. amyloliquefaciens, exhibit a
high degree of phenotypic similarity and are thus not easily
distinguishable (15).

The B. cereus group comprises a number of closely related
bacteria, some of which interfere with human health. Bacteria
classified as B. cereus are occasionally associated with food
poisoning (16, 28), while B. thuringiensis is primarily an insect
pathogen because of its ability to produce toxins that have been
widely used for the biocontrol of insect pests (28, 30). A third
member of the B. cereus group, B. anthracis, is the causative
agent of anthrax and is highly relevant to human and animal
health. Other members of the B. cereus group are B. mycoides,
B. pseudomycoides, and B. weihenstephanensis (4, 15).

B. anthracis is a possible agent in biological warfare and
bioterrorism. Its applicability as a biological warfare agent was
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made apparent by an accidental release from a Soviet military
facility in Sverdlovsk (1, 10). Also, the well-publicized mailing
of B. anthracis spores in the United States, which caused 18
confirmed cases of cutaneous and inhalational anthrax and an
additional 4 suspected cases of cutaneous anthrax (3, 22), dem-
onstrated that B. anthracis may become a threat from terrorist
groups (10).

Rapid detection of B. anthracis may be challenging because
of its great genetic similarity to other species of the B. cereus
group (10) and the difficulties of phenotypic differentiation of
B. cereus group members (15). There is some controversy in
the literature regarding the taxonomy of the B. cereus group.
Indeed, some authors state that B. anthracis, B. cereus, and B.
thuringiensis are one species with various virulence plasmids for
the toxin pXO1 and the capsule pXO2 of B. anthracis and the
insecticidal toxin of B. thuringiensis (10, 19). Other authors do
not support this opinion and suggest the presence of even more
species within the group (21).

Matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) intact-cell mass spectrometry (ICMS) has
been suggested as a rapid, objective, and reliable technique for
bacterial identification (8, 13, 23, 25, 38). As a proteomic
technique, ICMS of whole bacterial cells, or cell lysates, relies
on the reproducible detection of microbial protein patterns
and thus delivers information complementary to genotypic or
phenotypic test methods. With the pattern-matching approach,
microbial identification is achieved by comparing experimental
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mass spectra with a collection of mass spectra of known or-
ganisms. This requires the compilation of large databases of
bacterial reference spectra but has the advantage that an ex-
tensive knowledge of biomarker identities is not required. An-
other advantage of the pattern-matching approach is that ge-
nus- and species-specific procedures or consumables are not
required, i.e., the same methodology can in principle be ap-
plied to all kinds of microorganisms (multiplex advantage).

It is thus believed that ICMS offers the possibility to system-
atically investigate the diversity of bacterial subproteomes,
complementing existing methodologies of bacterial character-
ization. This potential and the need for a rapid, objective, and
reliable microbial identification technique that does not rely on
nucleic acid detection and the availability of an MS-compatible
inactivation protocol for highly pathogenic biosafety level 3
microorganisms and bacterial endospores (26) prompted us to
systematically study the MALDI-TOF MS profiles of Bacillus
strains and to establish a database of bacterial mass spectra. In
the present work, we describe strategies of spectral analysis
that allow the identification and validation of group- and spe-
cies-specific sets of biomarkers. Using unsupervised hierarchi-
cal cluster analysis (UHCA) and supervised artificial neural
network (ANN) analysis, we also demonstrate how microbial
spectra can be employed to establish an MS-based methodol-
ogy for rapid, objective, and reliable identification of the target
species, B. anthracis.

MATERIALS AND METHODS

Microbial strains and isolates. Most of the bacterial strains originated from
the strain collections of the Institute for Environmental and Animal Hygiene and
Veterinary Medicine at the University of Hohenheim, Stuttgart, Germany, and
the Robert Koch-Institut, Berlin, Germany. Isolates of B. anthracis from these
culture collections were confirmed as target sequences of both virulence plasmids
(where applicable) by culture diagnosis on blood agar, gamma phage suscepti-
bility, and the presence of a chromosomal signature sequence by real-time PCR,
as proposed previously (5, 40). Further Bacillus strains were obtained from the
German Collection of Microorganisms and Cell Cultures GmbH (Braunschweig,
Germany), from the strain collection of the Microbial Ecology Group at the
Technical University Munich (M. Ehling-Schulz), and from the Bundeswehr
Research Institute for Protective Technologies and NBC Protection (WIS) in
Munster (B. Niederwohrmeier). An overview of the Bacillus strains and isolates
used throughout the study is provided in Table 1.

Sample preparation. Starting from a pure single colony on blood agar, Bacillus
cultures were prepared by growing each strain for two passages under aerobic
conditions on LB agar (Merck) for 24 h at 37°C. Cells were harvested by
transferring the equivalent of three full blue plastic loops (equivalent to about 30
wl) from each agar plate into 20 wl of sterile water. The bacterial material was
resuspended by vortexing it. Sample preparation and sample inactivation were
carried out by using the modified trifluoroacetic acid (TFA) inactivation protocol
for highly pathogenic microorganisms (26). Briefly, 80 wl of pure TFA (Uvasol;
Merck) was added to 20 pl of the bacterial water suspensions. After being gently
shaken for 30 min, the solutions were diluted 10-fold with high-performance
liquid chromatography grade water (Mallinckrodt Baker B.V., Deventer, The
Netherlands). No centrifugation or filtration was carried out. The sample dilu-
tions were checked for sterility. For MALDI-TOF MS, 2 pl of the microbial
dilution was then mixed with 2 .l of a 12-mg/ml a-cyano-4-hydroxycinnamic acid
(HCCA) solution (Bruker Daltonics, Bremen, Germany). Preparation of the
HCCA solution was achieved by dissolving HCCA in TA,, a 2:1 (vol/vol) mixture
of 100% acetonitrile and 0.3% TFA. One microliter of the sample-HCCA mix-
ture was spotted onto ground-steel sample targets from Bruker Daltonics.

MALDI-TOF MS. Mass spectra of microbial extracts were collected using an
Autoflex mass spectrometer from Bruker Daltonics. The instrument was
equipped with a slightly defocused N, laser operating at 337 nm at pulse rates up
to 20 Hz. The pulse ion extraction time was 200 ns. Measurements were carried
out in the linear mode using an acceleration voltage of 20.00 (ion source 1) or
18.45 (ion source 2) kV. The lens voltage was 6.70 kV. The mass spectra were
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stored in the low and intermediate mass range between 0.5 and 2 kDa and
between 2 and 20 kDa, respectively. Insulin (5,734.52 Da), ubiquitin 1 (8,565.89
Da), cytochrome ¢ (12,360.97 Da), and myoglobin (16,952.31 Da) were used as
external calibrants, enabling a mass accuracy of about 300 ppm. At least 600
individual laser shots were coadded for each spectrum.

Data analysis. Mass spectra were acquired by employing Bruker’s Flex Control
software package (v. 2.4; Bruker Daltonics). The analysis of mass spectral pat-
terns was carried out using Matlab (Mathworks Inc., Natick, MA)-based software
developed in house. The first steps of data analysis comprised spectral prepro-
cessing procedures, such as smoothing, baseline correction, and intensity nor-
malization. For advanced visualization of microbial biomarkers, the Matlab rou-
tines allowed the generation of simulated gel views from preprocessed mass
spectra. These gel views displayed peak intensities gray-scaled with abscissa
values as mass/charge ratios (m/z) and spectral numbers as the ordinates.

The Matlab routines allowed the preparation of peak lists from preprocessed
mass spectra. These peak lists were automatically generated in predefined mass
ranges using custom-designed concepts. For example, the procedure of peak list
generation makes use of a sigmoidal weighting function that was introduced to
correct for the decreased sensitivity of MALDI-TOF MS in the high mass range.
Furthermore, the peak detection algorithm produces for each mass spectrum a
peak-ranking table. Thus, peak lists contained not only m/z and intensity infor-
mation, but also a parameter of the relative importance of individual mass
signals. Peak ranks were found to be useful for multivariate spectral analyses,
either as alternatives for peak intensities or for data reduction purposes. For the
latter case, either the number of peaks included in subsequent analyses or
thresholds of peak importance could be specifically defined. The peak lists were
further converted to so-called bar code spectra. In bar code spectra, only infor-
mation about peak presence, or absence, is employed, while the peak amplitude
information (intensity) is omitted. The bar code spectra served as inputs for
UHCA and analysis by ANN.

Cluster analysis was carried out by means of distance or D values obtained
from normalized Pearson’s product-momentum correlation coefficients (20) with
Ward’s algorithm as the clustering method (36). D values are regarded as inter-
spectral distance measures that vary between 0 and 2,000 (0 to 1,000 for posi-
tively correlated data). Within the context of the present work, UHCA of mass
spectra from Bacillus isolates was carried out on the basis of the 30 most relevant
mass signals taken from the mass range of 2 to 12 kDa (see above).

The in-house-developed Matlab routines also contained an interface with the
NeuroDeveloper software package from Synthon (Synthon Analytics GmbH,
Heidelberg, Germany). The NeuroDeveloper combines modules for feature se-
lection, ANN model development (including modular ANN models), and ANN-
based classification. A detailed description of these software functions can be
found elsewhere (35). In the present study, the general strategy of ANN analysis
included teaching and optimization of a neural network, followed by testing the
classifier with independent (external) test spectra. Teaching and internal valida-
tion were done with mass spectra with known class assignments, which have been
combined in so-called teaching and internal-validation subsets. The accuracy of
the classification was subsequently determined by challenging the classifier with
external test spectra that were kept totally separate during model development.
The teaching subset of this study contained spectra from 296 bacterial samples.
From this number, the NeuroDeveloper software allowed the automatic selec-
tion of 20% for internal validation. The number of randomly selected spectra of
the external test set was 127. For network teaching, the bar code mass spectra of
the microbial database were generated using peak tables with 75 mass signals per
spectrum and a point spacing of 700 ppm. Subsequently, the spectra were im-
ported into the NeuroDeveloper program, and 100 spectral features were chosen
by the built-in UNIVAR feature selection method, which is based on univariate
F statistics. The ANN consisted of a three-layer feed-forward multilayer per-
ceptron (MLP) ANN with connected layers of 100 input, 7 hidden, and 3 output
neurons with shortcut connections. Teaching of the ANNs was carried out by
utilizing the resilient back-propagation (rprop) function (29).

Matlab-based software was also employed to calculate average mass spectra
and for univariate statistical tests (two-sample ¢ tests of independent samples).

RESULTS

Figure 1 displays representative MALDI-TOF mass spectra
from four different Bacillus species: B. anthracis (A), B. cereus
(B), B. thuringiensis (C), and B. licheniformis (D). The spectra
were acquired from microbial samples prepared by using the
modified TFA sample inactivation/protein extraction proce-
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TABLE 1. Overview of the bacterial strains used in this study

Species Strain (description)®

B. anthracis .........cceeeeeeeeveeceeennn. DSM 2071, ATCC 11966, ATCC 14185, ATCC 14578, CDC 1014, Vollum, 15 Stamatin vaccine, STI-1 vaccine,
STI-1 vaccine black, STI-1 vaccine blue, forest anthrax strain,” forest anthrax strain [A],” forest anthrax
strain [B]’; A3-A12, A16, A18, A19, A22-A25, A27-A29, A30, A32-A39, Ad0-Ad42, A43-A45, Ad46, A47,
A49, A59-A65, A66, A67, A68, A69, A73, ABO-AS85, A86, A87, A88 black, A88 blue, A89 black, A89 blue,
A91, A92, A93, A100-A103, A106-A108, A110-A113, A120-A122, A127-A130, A131-A133, A135, A136

atrophaeus ...................coccccecee DSM 675, DSM 2277, ATCC 9372
....................................... CCEB 623, B106, B107

SR
S
L
=
S

COTOUS «.veeeerererrrrrrrerennrnanas DSM 31, DSM ID 92-340, DSM 1D 92-477, DSM 318, DSM 336, DSM 345, DSM 351, DSM 428, DSM 487,
DSM 508, DSM 609, DSM 612, DSM 626, DSM 679, DSM 689, DSM 1274, DSM 2299, DSM 2301, DSM
2302, DSM 3101, DSM 4218, DSM 4312, DSM 4490, DSM 6941, DSM 8438, ATCC 6464, ATCC 7004,
ATCC 9139, ATCC 9634, ATCC 10876, ATCC 10876a, ATCC 10987, ATCC 11778, ATCC 12826, ATCC
13061, ATCC 14579, ATCC 33018, ATCC 33019, NCTC 6474, NCTC 9939, NCTC 10320, NCTC 10989,
NCTC 11143, CCM 88, CCM 99, CCM 2543, WSBC 10028, WSBC 10030, WSBC 10286, WSBC 10288,
WSBC 10441, WIS 29, WIS 311, BO 365, BO 366, BO 368, BO 372, BO 488, BO 490, BO 493,
301101RA0432, B3, B10, B16, B33, B108-B110, B147, B252-B262, B272-B274, B292, B278, B282,
B293-B300, B302-B306, B308-B311, B329, B331, B316, B338, Hohenheim; Paciflor 1, 10, 43, 92, and 111,
Paciflor®; Toyocerin 5, 8, 9, 14, 16, 19, and 23, Toyocerin®

B. circulans ................ccccccceccne DSM 11, DSM 1315, DSM 7257, ATCC 9966, NCTC 5846, CCEB 626

B. coagulans.................cceucuc... ATCC 10545, NCTC 3992, CCEB 631, B112, B114, B340

B. firmus .....coeeeeeeeceeceeaes DSM 12, DSM 1530, ATCC 8247, ATCC 14575, CCM 37, CCEB 627

B. 1entus ... DSM 9, DSM 5221, ATCC 10840, CCM 35

B. licheniformis................c.cccccc.. DSM 13, DSM 603, DSM 12369, ATCC 10716, ATCC 12759, ATCC 14580, CCM, 864, 301101RA0433, C
(mucilaginous), B62, B115, B116-B119

B. megaterium.................cccueuc... DSM 32, DSM 90, DSM 509, DSM 333, ATCC 4342, B2, B17, B120, B333

B. mycoides............cccoccucenccns DSM 2048, WSBC 10279, WSBC 10291, WSBC 10360, WSBC 2641, B103, B124, B335; B. cereus var. mycoides

B. pseudomycoides ....................... DSM 1244

B. pumilus ........c.cooueceeenecnennee DSM 27, DSM 492, DSM 355, DSM 361, DSM 13835, B31, CCM 340, MM 171

B. sphaericus................cceueuce. DSM 28, DSM 396, ATCC 4525, ATCC 10208, ATCC 14577, CCM 436, NCTC 2608, NCTC 5896, NCTC

7582, NCTC 7585, NCTC 9602, NCTC 10338

B. SUDLlIS .. DSM 10, DSM 347, DSM 618, DSM 1092, DSM 1087, ATCC 6633, CCM 878; CCM 110, B19, B61 (all
B. globigii); MM 508, 301101RA0436; B, E, I (all rough); WIS no. 491, B1, B4, B6, B7, B12, B14, B20, B28,
B32, B158; Glaxo B129, B130

B. thuringiensis .................cc..... DSM 350, DSM 2046, WSBC 28001, WS 2614, WS 2621, WS 2623, WS 2734, BS; B. thuringiensis subsp.
israelensis WIS no. 494

B. weihenstephaniensis ................. DSM 11821, WSBC 10204, WSBC 10207, WSBC 10295, WSBC 10363, WSBC 10387

Brevibacillus brevis ....................... DSM 5619, B336

Brevibacillus laterosporus............. ATCC 9141

Paenibacillus alvei ........................ NCTC 3349, CCM 203

Paenibacillus macerans................ ATCC 8244

Sporosarcina pasteurii .................. ATCC 11859

Virigibacillus pantothenticus ........ ATCC 14576, B104, B105, B125
Bacillus Spp.......cccuveeeeveueeecincnn. .BW-A, BW-B, B21, B22, B301, B307, B313, B314, B318, B319, B321, B324, B334

“ Animal isolates are in boldface, environmental isolates are in italics, and human isolates are underlined. DSM, Deutsche Sammlung von Mikroorganismen; ATCC,
American Type Culture Collection; CCM, Czech Collection of Microorganisms; CDC, Centers for Disease Control and Prevention; A and B, strain collection at
University Hohenheim (W. Beyer); NCTC, National Collection of Type Cultures; WS, Weihenstephan general collection; WSBC, Weihenstephan Bacillus collection;
WIS, Bundeswehr Research Institute for Protective Technologies and NBC Protection; CCEB, Culture Collection of Entomogenous Bacteria.

® From reference 24.

¢ Collection of probiotic B. cereus strains at RKI.
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FIG. 1. Representative MALDI-TOF mass spectra of four different Bacillus species in the mass range of 2 to 14 kDa. The spectra were acquired
from microbial samples using a recently published sample preparation and inactivation protocol for highly pathogenic microorganisms (26) that
is based on treatment with 80% TFA. The mass spectra have been baseline corrected, smoothed, and vector normalized. AU, arbitrary units.
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FIG. 2. Mean MALDI-TOF mass spectra of (A) B. anthracis (105 spectra) and (B) B. cereus (147 spectra). The spectra were obtained by
averaging the respective experimental mass spectra from all available strains (see Table 1 and the text for details). AU, arbitrary units.

dure, which included sample treatment with 80% TFA for 30
min (26). The mass spectra shown in Fig. 1 were preprocessed
as outlined in Materials and Methods. The spectra demon-
strate a relatively high signal-to-noise ratio, which typically
permits the detection of 50 to 100 mass peaks per spectrum. A
closer inspection of these and other MALDI spectra showed a
high degree of distinctness for most of the mass spectral pat-
terns. The example in Fig. 1 also shows the presence of species-
or group-specific mass signals. For example, mass spectra from
the B. cereus group members B. anthracis, B. cereus, and B.
thuringiensis (Fig. 1A to C) display a number of group-specific
peaks at 3,683, 4,334, 5,171, 5,886, and 7,368 Da. Depending
on the degree of sporulation, individual mass patterns (partic-
ularly the intensities) may vary considerably. This important
aspect is discussed below.

The spectra in Fig. 2 were obtained by averaging prepro-
cessed MALDI-TOF mass spectra from all available B. anthra-
cis (105 spectra) and B. cereus (147 spectra) strains. At first
glance, the two mean spectra appear to be quite different. A
more detailed analysis, however, revealed a high number of
common mass signals of these closely related species. In fact,
there were very few mass peaks that could serve as potential
candidates for species differentiation. For example, the spec-

trum of B. anthracis (Fig. 2A) shows a peak at 5,413 Da that
has no counterpart in the mean spectrum of B. cereus (Fig. 2A
and B). For B. anthracis, other potential biomarkers can be
found at 6,679 Da and for B. cereus at 6,695 and 6,711 Da.
These markers were previously assigned to species-specific
small acid-soluble proteins (SASPs) (6, 11, 17) and are dis-
cussed below. At this point, it should be noted that the analysis
of mean spectra alone is certainly not sufficient for identifying
species-, or group-specific biomarkers. For this purpose, a sta-
tistical analysis of the complete mass spectral database is re-
quired.

In order to give an overview of the database of microbial
MALDI spectra, we prepared so-called gel views. These rep-
resentations were obtained by converting spectral peak inten-
sities to gray scales, which were then plotted as functions of the
m/z values. It is important to note that the gel view represen-
tations were created on the basis of preprocessed spectra, i.e.,
spectra that had been smoothed, baseline corrected, and vector
normalized. The spectra appear as rows, while vertical lines
indicate reproducible mass peaks. In Fig. 3A, the gel view
shows all 423 spectra obtained within the context of this study
in the mass range of 2.5 to 8 kDa. The mass spectra of B.
anthracis are shown in Fig. 3A at lines 1 to 105 (105 spectra).
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(see the text for details).

The spectra of B. cereus strains form lines 106 to 252 (147
spectra). Lines 253 to 286 display spectra from the remaining
B. cereus group members, B. thuringiensis, B. mycoides, B.
pseudomycoides, and B. weihenstephanensis (34 spectra). Lines
287 to 423 (137 spectra) were generated from spectra of the
non-B. cereus group members (18 species) (Table 1). The rel-
ative frequencies of the individual mass signals are shown in
Fig. 3B. This peak frequency plot was obtained from mass peak
tables with 30 entries per individual mass spectrum and illus-
trates the dominance of mass signals from B. cereus group
members (see below).

Analysis of the gel view in Fig. 3A demonstrated a high
degree of spectral reproducibility and indicated a relatively
high degree of similarity between spectra from B. cereus group

members and, conversely, large-scale heterogeneity for spectra
from the remaining species. The analysis of the gel view also
suggested the presence of species- and group-specific biomar-
kers. For example, MALDI-TOF mass spectra of B. cereus
group members consistently exhibited signals at 3,683, 4,334,
5,171, 5,886, and 7,368 Da, among others. These signals were
only rarely detected in mass spectra of the remaining species
and therefore can be considered B. cereus group biomarker
candidates. An example of a species-specific signal is the mass
peak at 5,413 Da in spectra of B. anthracis. This signal was
found to be present in most of the mass spectra (92%) of B.
anthracis and was already mentioned when discussing the mean
spectrum of B. anthracis (Fig. 2A). As the gel view shows, the
peak at 5,413 Da is, with a few exceptions, absent in the spectra
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FIG. 4. Gel view of mass spectra from the B. cereus group in the diagnostically relevant mass range of 5 to 7.5 kDa. Mass spectra from B. cereus
group members exhibit marker peaks at 5,171, 5,886, and 7,368 Da (arrows). Peaks at 6,679 Da (B. anthracis) or 6,695 and 6,711 Da (B. cereus)
are due to the presence of small amounts of bacterial endospores containing SASPs (see the text for details).

of all other Bacillus species. The exceptions are the strains B.
cereus DSM 4490, DSM 609, ATCC 12826, and B248; B. thu-
ringiensis DSM 350, DSM 2046, and BS8; and B. mycoides DSM
2048 and B335.

In order to illustrate selected aspects of species discrimina-
tion and identification by MALDI-TOF MS with particular
emphasis on B. anthracis, the gel view in Fig. 4 shows the
spectra from the B. cereus group in the diagnostically impor-
tant region between 5 and 7.5 kDa. This representation dem-
onstrates again the existence of common B. cereus group mass
peaks at 5,171, 5,886, and 7,368 Da (Fig. 3A). More impor-
tantly, the illustration also suggests the existence of B. anthra-
cis-specific peaks at 5,413 and 6,492 Da and a SASP signal at
6,679 Da. The last peak is of particular interest, because only
two strains of B. cereus (B248 and B292) exhibit signals at this
m/z value. Most of the strains of B. cereus exhibit strong mass
peaks close to the 6,679-Da peak, either at 6,695 Da or at 6,711
Da. The latter signals also arise from SASPs and can be ob-
served in some MALDI spectra of B. thuringiensis and B. my-
coides.

UHCA. UHCA is a data-driven multivariate classification
technique that was employed in this study to investigate the
relatedness between the microbial mass patterns. As outlined
above, UHCA was carried out on the basis of bar code spectra
obtained from peak tables with 30 entries per mass spectrum.

Figure 5 shows the dendrogram of a cluster analysis carried out
with a mass spectral database of 423 spectra complemented by
14 additional spectra from B. cereus group members with un-
clear species assignments. The dendrogram clearly shows the
existence of two main clusters, with a large cluster (I) formed
by spectra of the B. cereus group and a second cluster (II)
containing spectra from non-B. cereus group species. Cluster I
consists of two main clusters, each subdivided into three sub-
clusters (Ia to If). It is interesting that the MALDI spectra of
B. anthracis form two of these clusters (Ib and Id), with the
majority of the B. anthracis strains grouped in cluster Id. Spec-
tra of B. cereus and the other species of the B. cereus group
constitute the four remaining subclusters of cluster I. Cluster Ic
contains exclusively spectra of B. cereus, while clusters Ia and
Ie also comprise spectra of B. thuringiensis (I1a) or B. mycoides,
B. pseudomycoides, B. thuringiensis, and B. weihenstephanensis
(Ie). A special situation is observed for mass spectra of probi-
otic strains of B. cereus, which are all located in a separate
cluster (If) clearly separated from the other B. cereus strains.

Cluster II seems to be less structured, an observation that is
backed by the heterogeneity of mass peaks in the gel view in
Fig. 3A. It should be mentioned, however, that strains of the B.
subtilis group members B. firmus/B. lentus (1Ib), B. lichenifor-
mis (IIc), and B. subtilis/B. atrophaeus/B. amyloliquefaciens
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TABLE 2. Confusion matrix showing the classification results of the
training data obtained by an optimized ANN“
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TABLE 3. Confusion matrix showing ANN classification results of
independent test data

ANN prediction for class:

ANN prediction for class:

Class i (B. anthracis) i (B. cereus iii (Bucfillus Sum Class i (B. anthracis) i (B. cereus iii (Bucfillus Sum

group”) spp-) group”) spp-)
i (B. anthracis) 74 0 0 74 i (B. anthracis) 31 0 0 31
ii (B. cereus group”) 0 127 0 127 ii (B. cereus group®) 0 52 2 54
iii (Bacillus spp.©) 0 3 92 95 iii (Bacillus spp.©) 0 3 39 42

“ The MALDI-TOF MS-based ANN model was established by training with
spectra from three classes: i (B. anthracis), ii (B. cereus group [except B. anthra-
cis]), and iii (Bacillus spp. [except B. cereus group members]). The classification
accuracy in the teaching data for identification of B. anthracis was determined to
be 100%.

" Except B. anthracis.

¢ Except B. cereus group members.

(IId) constitute separate clusters of closely related species with
no or few outliers.

Classification analysis using ANNs. MLP ANNs were em-
ployed in this study as pattern recognition tools for supervised
classification analysis. The general strategy of ANN analysis
included the procedures of teaching and optimization, in which
nonlinear discriminant functions are established, which can be
later used to model probabilities of class membership of inde-
pendent validation data. For this purpose, the spectral data-
base was split randomly into a combined teaching/internal-
validation data set and an independent test set for external
validation. The first spectral subset contained 296 MALDI-
TOF spectra, with 20% of them randomly selected for internal
validation. The independent test set consisted of 127 spectra.
Furthermore, we defined three categories, or classes, of spec-
tral input patterns, consisting of bar code MALDI spectra of B.
anthracis (class i), spectra of B. cereus group members other
than B. anthracis (class ii), and mass spectra of non-B. cereus
group members (class iii).

The classification results achieved by an optimized ANN
model for the teaching and the external test data are shown in
Tables 2 and 3, respectively. The data suggest that B. anthracis
is identified with 100% accuracy in the teaching data (see
Table 2) and, more importantly, also in the test data (see Table
3), as no false-positive or false-negative classifications were
observed. The accuracy values for the identification of mem-
bers of the other two classes are smaller and vary between 99%
in the teaching data and 96% in the test data for classes ii and
iii. From the confusion matrix of Table 3, it can also be con-
cluded that the sensitivity of ANN classification of the inde-
pendent test data was 94.5% for class ii (B. cereus group mem-
bers other than B. anthracis) and 92.9% for class iii (non-B.
cereus group members). The specificities were determined to
be 97.2% and 97.6% for classes ii and iii, respectively.

Discriminating spectral features. ANN analysis of MALDI-
TOF spectral fingerprints is a powerful classification tech-
nique, but it has the drawback that the decision rules are not
easy to obtain. In order to identify the discriminating spectral
information on which the ANN classification relies, we addi-
tionally employed univariate statistical methods, such as inde-
pendent ¢ tests. These ¢ tests were carried out at any given m/z
value for two-class classification problems, using bar code spec-
tra obtained from peak tables with 30 peaks per spectrum as
inputs. The tests were applied as a univariate measure of de-

“ The confusion matrix shows the ANN classification results for independent
test data. The classification accuracy for class i (B. anthracis) was determined to
be 100%, as no false-positive or false-negative classifications were found for the
class. The values for the identification of class ii (B. cereus group [except B.
anthracis]) and class iii (Bacillus spp. [except B. cereus group members]) were
determined to be 96% (five misclassifications; see the text for details).

b Except B. anthracis.

¢ Except B. cereus group members.

viation and provided P values, which could be used to assess
the discriminative power of the spectral feature under investi-
gation (Fig. 6, curves A to C). Small P values cast doubt on the
null hypothesis of equal class means.

In order to identify B. anthracis-specific biomarkers, univar-
iate ¢ tests were applied to a data set in which 105 spectra of B.
anthracis strains were combined in class 1. Class 2 contained
318 spectra from the 23 remaining species. The m/z depen-
dence of P values in Fig. 6A indicated a number of biomarkers,
among them peaks at 3,068, 3,214, 4,606, 5,413, and 6,679 Da.
While the potential marker peaks at 5,413 and 6,679 Da could
be visually identified from the gel views in Fig. 3 and 4, the
identification of the signal at 4,606 Da required a systematic
statistical evaluation approach. The comparison of spectra
from B. anthracis (105 spectra) and B. cereus (147 spectra)
revealed exactly the same ranking of discriminative mass sig-
nals. The ¢ tests showed that the peaks at 3,068, 3,214, 4,606,
5,413, and 6,679 Da were highly discriminative for these closely
related species. When spectra from the B. cereus group (286
spectra; 6 species) were tested against spectra of the remaining
species (137 spectra; 18 species, among them many B. subtilis
group members), the P values of the # test indicated the pres-
ence of B. cereus group-specific peaks. The spectra of B. cereus
group members exhibited mass signals at 3,683, 4,334, 5,171,
5,886, and 7,368 Da, which are typically absent in spectra of
species not belonging to the B. cereus group of bacilli (Fig. 6C).

Molecular assignments of biomarkers. MALDI-TOF MS of
bacterial samples offers the possibility to reveal the molecular
identities of bacterial protein biomarkers. For example, ge-
nome sequences of B. anthracis can be utilized to obtain pro-
tein sequences and to calculate protein masses. The molecular
identities of biomarkers can be then determined by comparing
experimental MS data with the molecular masses of proteins in
databases such as UniProtKB. Although these types of assign-
ments can only be of a tentative character (and should be
carefully interpreted), the possibility of molecular identifica-
tion of biomarkers constitutes one of the most valuable aspects
of the MS-based identification technique.

Table 4 gives an overview of the tentative assignments of 55
typical mass signals in MALDI spectra of B. anthracis. The
assignments were made by considering posttranslational mod-
ifications (excision of N-terminal methionine) and the pres-
ence of double-charged protein species.
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FIG. 6. Identification of discriminating spectral features by independent ¢ tests. The ¢ tests provided P values and were carried out on the basis
of peak tables with 30 peaks per mass spectrum. Small P values cast doubt on the null hypothesis of equal class means. The smaller the P value,
the higher the discriminating potential of the respective mass peak. Note the logarithmic scaling. (A) Class 1 contains 105 mass spectra from B.
anthracis, and class 2 contains 318 spectra from 23 species, including its closest relative, B. cereus. (B) B. anthracis, with 105 MALDI spectra versus
147 spectra from B. cereus. (C) B. cereus group (286 spectra) versus non-B. cereus group species (137 spectra).

DISCUSSION a large number of mass signals at a low noise level. The two

The importance of sample preparation. The TFA sample factors—large numbers of mass signals and a high level of

preparation protocol for MALDI-TOF MS-compatible inacti- reproducibility—are considered equally important for the suc-
vation of highly pathogenic microorganisms permits the repro- ~ cessful application of the MS technique in microbiological
ducible collection of mass spectra from bacterial samples with diagnostics. The relatively high number of signals in microbial
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TABLE 4. Tentative assignments of B. anthracis biomarker peaks

Observed Protein in . Predicted
mass (Da)  UniProtKB* Description (I\)é[z["
2,533  Unassigned Double-charged species of
unassigned peak at 5,066 Da
2,587  Q81JGY 50S ribosomal protein 134 2,586.1¢
2,630 Q81Y79 SASP O 2,630.3¢
2,708 Q81U79 Putative uncharacterized protein  2,707.2¢
2,813 Unassigned
2,944  Q81LW9 50S ribosomal protein L33 2 2,943.9¢
3,068 Unassigned
3,080  Unassigned
3,132 Q6HUG3 50S ribosomal protein L32 3,132.2¢
3,214 Q81VR2 50S ribosomal protein 130 3,213.3¢
3,247 Unassigned Double-charged species of
unassigned peak at 6,491 Da
3,322 Q81LS7 30S ribosomal protein S21 3,321.9¢
3,340 Q81KU1 SASP B 3,340.2¢
3,418 Q81UL0 SASP 3,418.3¢
3,541 Q81RQ3 SASP, o/p family 3,541.4¢
3,595 Q81S96 Putative uncharacterized protein  3,595.1
3,653 QO6F014 Putative uncharacterized protein  3,655.5
3,683 Q81YF5 Cold shock protein CspB 3,684.0¢
3,694 Q81832 Putative uncharacterized protein  3,695.5
3,885 Q81V00 Amino acid permease domain 3,886.7¢
protein
3,921 Q6EZR7 Conserved domain protein 3,921.7
4,028  Unassigned
4,334 Q81VQ6 50S ribosomal protein L36 4,334.3
4,451 Q81ZB4 Putative uncharacterized protein  4,452.2
4,507 B0OAS79 Conserved-domain protein 4,511.9
4,551 Q81Y87 SASP N 4,551.0
4,606 Q81VAO Putative uncharacterized protein  4,608.4
4,664  Q81KT1 Putative uncharacterized protein  4,664.2
4,797 Q81QJ2 Putative uncharacterized protein  4,798.8
4,822 Q6EZN2 Conserved-domain protein 4,824.6°
4,954 Q81U02 Putative uncharacterized protein  4,954.1
4,981 Q81XK6 Putative uncharacterized protein ~ 4,982.8°
5,066  Unassigned
5,171 Q81JGY 50S ribosomal protein 134 5,171.1
5,215 Unassigned
5,250  Q81U86 Putative uncharacterized protein  5,251.2
5,259 Q81Y79 SASP O 5,259.7
5,413 Q81U79 Putative uncharacterized protein  5,413.3
5,886 Q81LW9 50S ribosomal protein L33 2 5,886.8
5,949  Q81U56 Putative uncharacterized protein  5,951.3
6,263 Q6HUG3 50S ribosomal protein 132 6,263.4
6,380  Unassigned
6,425 Q81VR2 50S ribosomal protein L30 6,425.5
6,491 Unassigned
6,643 Q81LS7 30S ribosomal protein S21 6,642.7
6,679 Q81KU1 SASP B 6,679.4
6,835 Q81UL0 SASP 6,835.5
7,082 Q81RQ3 SASP, o/B family 7,081.7
7,165 Q81VR7 30S ribosomal protein S14 7,165.5
type Z
7,269 Q81WS1 Conserved domain protein 7,267.2
7,368 Q81YF5 Cold shock protein CspB 7,367.0
7,771 Q81V00 Amino acid permease domain 7,772.4
protein
9,217  Unassigned
9,649 Q6EZN2 Conserved domain protein 9,648.3
9,966 Q81XK6 Putative uncharacterized protein ~ 9,964.6

“ The protein identity was determined using a protein database search engine
(http://www.uniprot.org/) that allows to access the UniProtKB/SwissProt data-

base.

? Molecular mass without N-terminal Met.
¢ Double charged ion.
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mass spectra—we typically observe between 50 and 100 per
individual spectrum—is in large part due to the ability of TFA
to act as an organic solvent, i.e., to effectively solubilize bac-
terial proteins, preserving the structural integrity (primary
structure) of the proteins under investigation (26). In this con-
text, it should be emphasized that the combination of TFA
inactivation and MALDI-TOF MS can be considered as effec-
tive as ICMS, a simple and widely used mass spectrometric
technique in which microbial cells are analyzed directly with
only minimal sample pretreatment (14).

A high level of spectral reproducibility, the other crucial
aspect of the MS application, was achieved by establishing a
rigorous sample preparation protocol that included standard-
ization of cultivation conditions, such as the type of cultivation
medium, the cultivation time and temperature, and also the
definition of strict parameters for data acquisition.

Important aspects of spectral preprocessing. In any spec-
trometry-based classification analysis, spectral preprocessing
aims to improve the accuracy and robustness of subsequent
pattern analysis. Also, in MALDI-TOF MS, an optimal pre-
processing workflow is the key to reliable classification and
included in our study routine tests for spectral quality, normal-
ization, baseline correction, and peak detection. In particular,
the strategy of peak detection was found to be highly relevant.
Mainly for this reason, the in-house-developed Matlab rou-
tines (see Materials and Methods) included specifically de-
signed preprocessing functions, among them a fast and robust
peak detection routine. The key feature of the latter routine is
a sigmoid function that models the lower analytical sensitivity
of the MALDI-TOF MS technique in the high-mass range.
Another vital element of our peak detection routine allows the
definition of the number of peaks to be determined per mass
spectrum. This turned out to be useful for subsequent pattern
analysis by UHCA or ANNs. A detailed description of the
methods, concepts, and principles of MS preprocessing and
fingerprinting will be provided in a separate publication.

In the present work, the general strategy of analysis included
statistical evaluation of a large number of microbial mass spec-
tra. Based on a ranking of P values obtained in univariate and
independent ¢ tests, we have been able to determine species (B.
anthracis)-specific and B. cereus group-specific biomarkers suit-
able for discrimination and identification of the microorgan-
isms of interest (Fig. 6). Here, we discuss the molecular iden-
tities of some of these biomarkers.

Ribosomal biomarkers. Ribosomal proteins and certain
housekeeping proteins have been suggested to be responsible
for many mass signals detected by ICMS (12, 27, 34). Since up
to 21% of the cell’s overall protein content is ribosomal (2) and
because of the fact that ribosomal proteins, as part of the
cellular translational machinery, are constitutively expressed in
vegetative cells, these proteins constitute a stable ensemble of
protein biomarkers suitable for use by fingerprinting tech-
niques.

Within the scope of the present work, we found tentative
evidence that the B. cereus group-specific biomarkers at 4,334,
5,171, and 5,886 Da (Table 4) are due to ribosomal proteins.
For example, a search in the UniProtKB/Swiss-Prot database
revealed that the 50S ribosomal proteins 136, .34, and 1.33-2
of B. anthracis have molecular weights (MW) of 4,334.3,
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5,171.1, and 5,886.8, respectively. Thus, the agreement of se-
quence information contained in the proteomic database and
accurate mass measurements of intact proteins by MALDI-
TOF MS allowed us to tentatively assign at least some of the
most discriminating B. cereus group-specific biomarkers. This
preliminary assignment is additionally supported by the results
of a BLAST search. For example, the program NCBI BLASTP
2.2.17 revealed for the 50S ribosomal protein L34 of B. anthra-
cis (SwissProt entry Q81JG9), with a calculated MW of 5171.1,
a total of 25 database entries with 100% amino acid sequence
identity. It was interesting that all of these entries originated
from strains of B. cereus group members, such as B. anthracis,
B. cereus, B. thuringiensis, and B. weihenstephanensis. Con-
versely, none of the organisms with less than 100% coverage
belonged to the B. cereus group. Interestingly, this BLAST
search also revealed 86% sequence coverage with the 50S
ribosomal protein L34 of B. licheniformis DSM 13 (entry
Q65CM7). According to the proteomic database, in B. licheni-
formis, the MW of the L34 protein is 5,253, which again fits
nicely with our experimental data (Fig. 1D, peak at 5,254 Da).

Although final proof of the peak assignments is not available
yet, we found ample evidence suggesting the ribosomal origin
of many B. cereus group-specific biomarkers. A more detailed
analysis could be carried out using tandem MS with some type
of fragmentation and peptide analysis in a protein database.
With such an approach, it is hoped that the molecular identi-
ties of other important biomarkers, such as the B. anthracis-
specific marker at 5,413 Da (Fig. 2 to 4 and 6A), can also be
verified.

Spore biomarkers. A closer inspection of the mass spectral
profiles of B. anthracis and other members of the B. cereus
group revealed further interesting details. For example, a large
number of mass spectra from cultures of B. cereus group mem-
bers exhibited prominent mass peaks at 6,679, 6,695, 6,711, and
6,835 Da. These signals are well known in the literature and
have been described as spore biomarkers (6, 11, 17). These
spore markers arise from SASPs, a group of proteins present in
large amounts in the core regions of Bacillus endospores.
SASPs play a key role in the protection of the spore’s DNA
from UV light (32, 33) and, upon germination, serve as a
source for amino acids by their degradation (31). Because the
amino acid sequences of selected SASPs are species specific,
SASP peaks have been suggested as biomarkers for rapid dif-
ferentiation and identification of spore preparations from B.
anthracis and B. cereus using MS (6, 7, 11, 17, 18).

In agreement with the literature, we found in this work a B.
anthracis-specific SASP spore marker at 6,679 Da (Fig. 1 to 4).
This signal can be predicted from the sspB gene of B. anthracis,
which codes for the «/B-type SASP with a nominal MW of
6,810. As suggested by Castanha et al. and Demirev et al. (6, 9),
SASPs may undergo posttranslational modification in which a
methionine with a mass of 131 is cleaved, giving the experi-
mental mass of 6,679 Da. Furthermore, mass spectral profiles
of B. cereus strains displayed two other spore marker peaks,
either at 6,695 or at 6,711 Da (Fig. 4). In the present work, the
latter peak was also found in B. mycoides and B. thuringiensis.
According to the genome sequences of B. cereus (sasP-2 gene),
these mass signals have been associated with a/B-type SASPs
with masses of 6,826 and 6,842 Da (6, 7). Again, cleavage of the
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N-terminal Met could explain the discrepancy between pre-
dicted and experimental masses.

The presence of species-specific SASP peaks correlates well
with a number of other mass signals. For example, a species-
invariant mass peak at 6,835 Da is found in all spectra of
Bacillus strains exhibiting one of the SASP peaks at 6,679,
6,695, and 6,711 Da (Fig. 3 and 4). This invariant signal is due
to the presence of a second SASP encoded by the sasP-1 gene
with a predicted MW of 6,835 (6,966, Met cleavage) (6). Ex-
perimental mass spectra with SASP peaks also show signals of
double-charged ions. These signals can be found as species-
specific SASP peaks at either 3,340, 3,348, or 3,356 Da and as
an invariant SASP at 3,418 Da (Fig. 3).

From our experimental findings and the discussion above, it
is quite clear that approximately 50% of the preparations of
vegetative cells contained substantial amounts of SASPs.
SASPs are known to be indicative of developing or dormant
spores, so it was astonishing to us to detect high-intensity SASP
peaks in mass spectra of growing cell cultures. On the other
hand, the presence of strong SASP signals in mass spectra of
Bacillus cultures may be the result of the specifically increased
sensitivity of the TFA sample preparation technique for these
markers. For example, it was reported earlier that acid treat-
ment effectively extracts SASPs from spore preparations (31,
37). Second, SASPs are easy ionizable and are probably pref-
erentially detected by MALDI-TOF MS. Finally, the concen-
tration of SASPs in dormant endospores is substantial and
varies between 8 and 20% of the total spore protein content
(31). Consequently, it is likely that even small numbers of
spores in a large surplus of vegetative cells give intense SASP
signals. We have to admit, however, that no data are currently
available that could prove these assumptions. Further system-
atic investigations will reveal at which sporulation stage one
can detect SASPs by using MALDI-TOF MS.

Within the context of the present study, which aimed to
establish an MS-based classification technique for bacilli, the
presence or absence of SASP biomarkers must be considered a
confounding factor that is not directly related to taxonomy. On
the other hand, as some of the biomarkers have been proven to
be species or group specific, SASP features may be beneficial
and improve the accuracy of the MS-based detection method.

UHCA. UHCA clearly demonstrated that mass spectra of
bacilli contain taxonomic information. Although the classifica-
tion observed with UHCA in the example of 437 individual
microbial spectra is not perfect (Fig. 5 shows outliers), the
dendrogram allows us to draw a number of important conclu-
sions. First and foremost, UHCA demonstrates the existence
of two main spectral groups: in the dendrogram in Fig. 5, the
first cluster is formed by B. cereus group members and the
second contains the remaining species of the genus Bacillus
plus a few species of related genera, such as Paenibacillus,
Brevibacillus, Virgibacillus, and Sporosarcina. Second, spectra
from B. anthracis clearly differed from the spectra of other B.
cereus group species. For example, the large cluster Id of Fig.
5 contains exclusively mass spectra of B. anthracis with no
outliers. The second B. anthracis cluster, cluster Ib, is formed
by mass spectral profiles of B. anthracis strains like vollum,
A13, A23, and A65. More importantly, this cluster also con-
tains one outlier from B. cereus (strain B292) and three repli-
cate spectra of a B. cereus group member with unclear species
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assignment (strain BWB-B, an environmental isolate). Al-
though we do not have an explanation that could account for
the existence of two different B. anthracis clusters, it is evident
that cluster Ib is composed of spectra with greater similarity to
B. cereus and other B. cereus group members. The situation is
further complicated by the presence or absence of spore
marker bands (SASPs) that represent an additional source of
variance not related to taxonomy in this context.

Analysis of the second cluster, cluster II, also demonstrated
the similarity of spectra of B. subtilis group members. For
example, with a few exceptions, clusters IIb to IId are formed
only by species of the B. subtilis group. This demonstrates that
MALDI-TOF MS, in combination with fingerprinting tech-
niques, can be used to obtain taxonomic information that
might be helpful to complement DNA sequencing methods.
We are currently investigating the database of Bacillus spectra
with adapted bioinformatics methods for its applicability to tax-
onomy. The details of these investigations are beyond the scope
of this study and will be provided in a separate publication.

Supervised classification analysis by ANNs. The term su-
pervised, or concept-driven, classification analysis is used to
describe a group of techniques in which a model is created that
maps input objects (spectra) to desired outputs (class assign-
ments) (39). Supervised classification analyses comprise a
learning or teaching phase in which a classification function is
obtained from class-labeled training data. The performance of
the classifier can be subsequently evaluated on the basis of
independent test data, which should kept totally separate from
the training data. Different types of supervised classification
techniques are known, among them the MLP ANNs employed
in this study. Within the scope of the present work, we opti-
mized ANN models by training and internal validation. The
respective data sets comprised approximately 70% of the bac-
terial mass spectra. The remaining 30% of the spectra were
utilized for objective testing of the ANN model. The results of
ANN classification summarized in Tables 2 and 3 demonstrate
that MALDI-TOF MS of Bacillus can be successfully applied
to unambiguously identify strains of B. anthracis (class i) or to
classify bacilli as members (class ii) or nonmembers (class iii)
of the B. cereus group. Since the database of MS spectra con-
tains a significant number of spectra with spore biomarkers
(SASPs), the ANN classifier can be used to identify MS fin-
gerprints of vegetative cells and mixtures of cells and spores.
This is essential, because most of the studies in the field of B.
anthracis detection by MALDI-TOF MS are limited to the
detection of biomarkers from spores.

Conclusions. With this comprehensive study carried out on
374 strains of the genus Bacillus and a few related genera,
among them 102 strains of B. anthracis, we have extended
previous work in the field of B. anthracis detection to vegeta-
tive cells. We have been able to detect and to tentatively assign
B. anthracis-specific and B. cereus group-specific protein bi-
omarkers that could be used for objective classification by
cluster analysis and ANNs. Our study demonstrates the great
potential of MALDI-TOF MS as a rapid, reliable, and objec-
tive identification technique for highly pathogenic microorgan-
isms, not only for scientific research purposes, but also under
routine conditions. The methodology used in this study can
also be applied to identify microorganisms of other genera,
such as Yersinia or Burkholderia (multiplex advantage). Pre-
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conditions for successful application of the MS-based tech-
nique are (i) rigorous standards for cultivation conditions, (ii)
adequate sample preparation (TFA inactivation), (iii) the com-
pilation of databases containing representative numbers of
mass spectra, (iv) the application of effective data-preprocess-
ing procedures, and (v) the use of supervised classification
models for objective identification.
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